Abstract The plasma synthetic jet is a novel active flow control method because of advantages such as fast response, high frequency and non-moving parts, and it has received more attention recently, especially regarding its application to high-speed flow control. In this paper, the experimental characterization of the plasma synthetic jet actuator is investigated. The actuator consists of a copper anode, a tungsten cathode and a ceramic shell, and with these three parts a cavity can be formed inside the actuator. A pulsed-DC power supply was adopted to generate the arc plasma between the electrodes, through which the gas inside was heated and expanded from the orifice. Discharge parameters such as voltage and current were recorded, respectively, by voltage and current probes. The schlieren system was used for flow visualization, and jet velocities with different discharge parameters were measured. The schlieren images showed that the strength of plasma jets in a series of pulses varies from each other. Through velocity measurement, it is found that at a fixed frequency, the jet velocity hardly increases when the discharge voltage ranges from 16 kV to 20 kV. However, with the discharge voltage fixed, the jet velocity suddenly decreases when the pulse frequency rises above 500 Hz, whereas at other testing frequencies no such decrease was observed. The maximum jet velocity measured in the experiment was up to 110 m/s, which is believed to be effective for high-speed flow control.
Introduction
With the urgent demand to enhance the performance of aircraft, effective flow control solutions are strongly needed to change the aerodynamic characteristics under different flight conditions. The currently developed flow control methods can be mainly divided into passive and active ones. Active flow control (AFC) is considered to be the most important and promising future technology. It is believed that when widely applied to boundary layer transition, separation suppression, the wing tip vortex, shock wave boundary layer interaction (SWBLI), inlet shockwave reconfiguration and cavity noise mitigation, AFC could significantly improve aircraft performance and engine efficiency, especially at off-design points [1∼4] . Among all the active flow control methods, more attention has been paid to a new type of actuation called the synthetic jet [5, 6] . Current research is mainly focused on synthetic jets generated by acoustic resonators [7] or piezo-electric membranes [8] , but their control results are not satisfactory when applied to high-speed flows. Another combustion-driven jet is more capable of achieving higher jet velocity [9] , but the disadvantage is that it needs an air-fuel mixture supply.
Based on the concept of a combustion-driven jet, the Applied Physics Laboratory of Johns Hopkins University initiated a new type of synthetic jet, called the spark jet. GROSSMAN and CYBYK et al. gave the brief structure of the actuator, and three stages of the device operation were described [10] , which included energy deposition, discharge and recovery. In the first stage, a short-duration high voltage was imposed between electrodes after breakdown occurred, and an arc plasma with high current rapidly heated the air in the cavity. In the second stage, with the energy deposition, the high-pressure hot gas expanded within the close space and erupted through a small orifice on the top of the actuator. The third stage was defined for recovery. After arc discharge and air blasting out, the cavity needed cooling down. Meanwhile, owing to the decrease in temperature and pressure, the air near the orifice was drawn back into the actuator, and then waited for the next pulse. Considering that there was no extra gas supplying the actuator, this can be categorized as a zero mass synthetic jet.
GROSSMAN and CYBYK also developed a computational model of the spark jet actuator. When the three stages were specified mathematically, simulation results showed that the maximum jet velocity was up to 1000 m/s. Besides, a schlieren system was used to visualize the flow field and digital speckle tomography (DST) was used to measure the temperature distribu-tion in the core of the spark jet plume [11∼18] . CARUANA et al. investigated the influence of certain key parameters such as discharge voltage, orifice diameter, deposited energy and the thermal conductivity of materials on the character of the plasma actuator. The applications of the plasma synthetic jet as a fluidic vortex generator and jet exhaust noise controller were experimentally researched [19, 20] . NARAYANASWAMY et al. [21, 22] experimentally studied the character of the plasma actuators. The jet orifice was designed on the cavity wall instead of on the electrode. All the normal injections, as well as the pitched and skewed injections, were investigated to check its effect as a vortex generator. Meanwhile, the actuator was adopted to control the unsteadiness of shock-induced turbulent separation. The results show that the plasma synthetic jet can significantly influence the unsteadiness of separation shock, and the parameters related to the shock motion were also studied.
In this work, the character of the plasma synthetic actuator was investigated experimentally. The influence of discharge parameters like voltage and frequency was mainly discussed. With the high time resolution schlieren system, the initial evolution of the plasma synthetic jet was captured, and a clear bow blast wave was observed. When the discharge voltage varied from 16 kV to 20 kV and the frequency changed from 100 Hz to 1500 Hz, the velocities of the plasma synthetic jet were measured. As expected, the jet velocity also changed with altered discharge conditions. What's more, velocity fluctuation was found in a series of discharges which were acquired in one run of the experiment with the same electrical parameters. Discussions attempted to explain the phenomenon, and what has been achieved is believed to be useful for further theoretical research and performance optimization.
Experimental setup

Actuator
The plasma synthetic jet actuator consists of three parts: the anode, cathode and ceramic shell. Fig. 1 shows a schematic of the actuator. A tungsten needle with a diameter of 1 mm is adopted as the cathode, which is fixed in the central hole of a cylindrical ceramic shell made of alumina. A cylindrical cavity is created on its topside, and outside the ceramic cavity there is a copper cover, which is taken as the anode. At the same time, this is designed as the top wall of the cavity. On the top wall of the copper anode, a small convergent orifice with a diameter of 1 mm is set as the exit of the plasma jet. The tungsten needle can be moved upwards or downwards so the distance between it and the copper cover can be changed from 1 mm to 4 mm. In this research, 4 mm is adopted in the design. The volume of the cavity is about 45 mm 3 , as the inner diameter is 4 mm and the depth is 4 mm. 
Power supply
The schematic diagram of experimental setup is shown in Fig. 2 . In this research, a pulsed-DC power supply is adopted in the experiment. Its output voltage ranges from 0 kV to 20 kV with a pulse duration of 2 µs, and the repetition frequency varies from 0.1 kHz to 2 kHz. The pulse voltage applied on the electrodes is measured with a high voltage probe (P6015A, Tektronix), while the discharge current is measured and amplified with a current probe (TCP312, Tektronix) and an amplifier (TCPA300, Tektronix). These two signals are displayed and recorded with an oscilloscope (DPO4140, Tektronix). 
Schlieren system
The schlieren system is designed for flow visualization and jet velocity measurement, by which the density variation in the fluid field can be shown. A continuous bi-Xenon head lamp is taken as the light source, and through convex lenses the light is converged into one point. Then the point-source light is placed at the focus of a concave mirror with a focus length of 1.5 m and diameter of 30 cm in order to acquire the parallel light after reflection. The jet actuator is fixed on the light path to make sure all the density variation can be recorded. Another identical concave mirror is on the other side of the actuator to change the light direction. After a knife and a convex lens, a high-speed camera (Phantom M310) is used to capture the images, which is operated with a framing rate of 35874 Hz (frame interval of 28 µs), triggered internally, and an exposure time of 0.34 µs. The images (320×240 pixel resolution) can be acquired for 3 s.
3 Results and discussion
Current-voltage characteristics
The voltage and discharge current plots during a pulse are shown in Fig. 3 . The frequency of the discharge is 500 Hz. When the applied voltage is about −15 kV, the discharge process is initiated, showing that the voltage increases sharply from about −15 kV to 2 kV, while the current increases dramatically over 10 A. Based on the electrode cross-sectional area, the current density is estimated to be about 5000 mA/cm 2 , that is to say, a strong arc plasma was created between the electrodes into the limited cavity, which may imply that non-equilibrium ionization has occurred.
Propagation of the pulsed-plasma jet
Jet evolution into still air
A typical single pulse generated by the pulsed-DC supply is selected to show the propagation of the plasma jet. The discharge frequency and voltage are 100 Hz and 16 kV, respectively, and the V -I characteristic is similar to that in Fig. 3 . As mentioned above, the frame interval is set to 28 µs, and the exposure time to 0.34 µs. The eight successive images in Fig. 4 show its development in still air. Other images acquired with different experimental conditions show that the main propagations are similar to each other, but the strength and jet velocity are different. At the very beginning, an obvious bow expansion wave can be observed above the head of the jet, and then a clear pulsed jet issued out from the orifice. From image (b) to (d), we can see that the boundary is clear and bright within 100 µs, and after propagating for about 100 µs its contact surface becomes blurred and finally disappears. In addition, it is obvious that in the first several intervals, the jet's head moves faster than it does in the last few ones. So, after 200 µs, no clear contact face can be found, and the movement of the jet appears to be free diffusion towards all directions.
(a) ∆t=0 µs, (b) ∆t=28 µs, (c) ∆t=56 µs, (d) ∆t=84 µs, (e) ∆t=112 µs, (f) ∆t=140 µs, (g) ∆t=168 µs, (h) ∆t=196 µs Fig.4 The spread of the pulsed plasma jet into still air (color online)
Another interesting phenomenon was also found. In the experiments with a pulsed DC power supply, the shape of the jets generated by different discharges may vary during their propagation. Fig. 5 shows the jets of two consecutive discharges in the same run of the experiment. With a frequency of 400 Hz and voltage of 15 kV by the pulsed-DC power supply, it is easy to tell that the former one is much brighter and stronger compared with the latter one. The former jet expands wider and looks thicker, while the latter one looks thinner but more concentrated towards the upright.
Jet velocity measurement
The velocity of the contact surface near the jet exit was measured. In fact the jet velocity is not quite identical to the velocity of the contact surface considering the expansion waves, but may be a little smaller. Here, the velocity of the contact surface is roughly taken as the jet fluid velocity.
With the distance between the electrodes fixed at 4 mm and the orifice diameter at 1 mm, the parameters that influence the jet velocity are studied. Each time, with set values of voltage and frequency, more than 20 pulses are taken by a high-speed camera, and the images are then used to calculate the average velocity of the plasma jet. Fig. 6 shows the variation in the jet velocity with discharge voltage. Fig. 6(a) is the velocity near the jet orifice. The velocity remains almost unchanged when the voltages increase from 16 kV to 20 kV at a pulse frequency of 100 Hz. Fig. 6(b) shows the velocity evolution during a single pulse. At each test voltage from 16 kV to 20 kV, a series of pulses including over 20 discharges are recorded, and then all the velocities at the same moment are averaged as the velocity under the given condition. During the spreading of the jet into the air, the velocity reduces from about 97 m/s to less than 50 m/s, and their velocities differ from each other after becoming weaker. Another set of experiments were also performed and recorded to explore the influence of discharge frequency on jet velocity. Fig. 7 shows the variation in jet velocity with different discharge frequencies. The geometric parameters of the actuator are intentionally unchanged. Fig. 7(a) depicts the curve of the average velocity near the jet orifice as the discharge frequency increases from 100 Hz to 1 kHz, while Fig. 7(b) shows the evolution of the average velocity during a single pulse. The velocity at every moment is calculated with the same method as used for Fig. 6(b) . When the frequency is below 400 Hz, the jet velocities hardly change around 97 m/s, which corresponds to the results described in Fig. 6(a) . As the frequency goes up to 500 Hz, the jet velocity decreases to about 90 m/s, and remains unchanged regardless of the increase in frequency. From both Fig. 6(b) and Fig. 7(b) , it is found that the absolute value of the velocity slope decreases during the propagation of the plasma jet. That is to say, 100 µs after the jet releases, the velocity decreases to about 40 m/s, and then diffusion becomes one of the main behaviors together with heading movement.
Besides the average velocities of discharges for different frequencies, the difference in velocity of every single pulse with the same discharge frequency is also analyzed. Several discharges are selected from the pulse series, considering the accuracy of measurement, and only the velocities at the starting moment (with clear boundaries and shapes) are calculated. Fig. 8 is the velocity variation for several testing frequencies, with the discharge voltage fixed at 17 kV, while pulse frequencies of 100 Hz, 200 Hz, 400 Hz, 500 Hz, 1000 Hz, 1500 Hz are chosen (from Fig. 8(a) to (f) ). It is found that at all testing frequencies, the jet velocity is nonuniform, and in fact a cycle of velocity variation exists. The maximum jet velocity is generally between 105 m/s to 110 m/s, while the minimum jet velocity is more different than the maximum ones. At low frequencies like 100 Hz, 200 Hz and 400 Hz, the minimum jet velocities are about 83 m/s and quite similar to each other, but (a) Average velocity of the jet at the starting moment, with frequencies from 100 Hz to 1000 Hz, (b) Evolution of the average velocity in a single pulse Fig.7 Variation in jet velocity with discharge frequency and time (color online) (a) Discharge frequency=100 Hz, (b) Discharge frequency=200 Hz, (c) Discharge frequency=400 Hz, (d) Discharge frequency=500 Hz, (e) Discharge frequency=1000 Hz, (f) Discharge frequency=1500 Hz Fig.8 The velocity variation of discharges with different frequencies with higher frequencies this decreases to about 77 m/s. Taking 95 m/s as a velocity divide line, we can also know that when the frequency is below 400 Hz, the number of high-speed jets equals the number of lowspeed jets, while at high frequencies above 500 Hz, obviously more low-speed jets are observed.
Discussion
Analyzing the average jet velocity at different discharge voltages, we can conclude that at a relatively low frequency (100 Hz), the jet velocity remains stable as the discharge voltage increases. In other words, if the geometric structure of the actuator and electrode distance is fixed, then the breakdown voltage is constant. Even if the discharge voltage is set to be larger than the breakdown voltage, as long as the voltage reaches the breakdown value, the discharge will take place and the electrical power will remain the same. Since the energy deposited into the actuator is definite, and the heating of arc discharge is an isovolumetric process, then the temperature and initial driving pressure after discharge are fixed. According to
(v is the velocity of the plasma jet, a is the speed of sound in the cavity after discharge, p 0 is the pressure after jet release, which is ideally equal to atmospheric pressure, and p 1 is the driving pressure after discharge), the jet velocity would not increase with discharge voltage.
Contrary to the voltage increase results, when the discharge frequency varies from 100 Hz to 1500 Hz, an obvious difference is observed in jet velocity. When the discharge frequency varies from 100 Hz to 400 Hz, then the velocity hardly changes and stays at about 97 m/s. When the frequency increases up to 500 Hz, the velocity suddenly decreases to about 90 m/s, and after that it becomes stable again even if the frequency goes over 1500 Hz.
Before explaining this velocity decrease, we should firstly go to the velocity distribution at different frequencies. From Fig. 8 we can see that at low frequency, the velocities equally distribute above and below 95 m/s. On the other hand, when the discharge frequency is above 500 Hz, more low-speed jets are observed compared with the measurement results at low frequencies.
When the discharge frequency keeps increasing, the time gap between the two discharges becomes shorter, which can badly affect the recovery of the actuator. As mentioned above, under given conditions the electrical power deposited into the actuator is almost the same. The specific heat c = (a + bT + dT where a, b, d , e, f , R are constant values, T is the air temperature, and m is the air mass, in the equation Q = c × m × ∆T , it is easy to know that with constant Q, m and increasing c, ∆T will decrease. Therefore, as the actuator becomes hotter, the temperature rise ∆T will be smaller. Besides, after one discharge, the heated cavity needs to be cooled down and filled with air again. At higher frequencies, the time for heat transfer between the actuator and the environment is not enough, so the cavity wall is still hot when the next pulse comes. Taking T 0 as the temperature before discharge, it will definitely increase as more discharges take place. According to the isovolumetric heating process, the driving pressure is calculated as P 1 = P 0 T 1 /T 0 = P 0 (1 + ∆T /T 0 ), and when ∆T decreases and T 0 increases, the driving pressure will also decrease and finally generate some low-speed jets.
The velocity fluctuation observed in the experiments with a given condition is also worth discussing. As described in the operating principle, a complete cycle consists of three stages, and the generation of a plasma jet based on gas expansion is mainly caused by energy deposition. With a single pulse discharge, the air in the cavity is heated and then expands from the orifice. After that, the actuator recovers to a quasi-equilibrium state. It is reasonable to believe that there is a characteristic time which is determined by the actuator material, the geometric structure and the discharge parameters. From Fig. 8 we can see that the recovery time becomes shorter with the increase in discharge frequency. Considering that the recovery time varies with varied frequencies, the frequency would definitely influence the recovery time. In other words, the recovery time is longer than the largest cycle time (about 10 ms for a frequency of 100 Hz). If there is only a single pulse, then the actuator would recover to its initial state as time elapses. However, at high frequency the interval between two pulses is much shorter, which means that during the self-recovery of the actuator, another impact may add on it. After a weak jet, the energy deposited into the cavity cannot be completely dissipated and would be partly left in the form of heated air. With several weak jets, the temperature and pressure of the air would accumulate to be much higher, and then the next strong jet with a high speed is created. This may be the reason for the velocity fluctuation.
Summary
A new type of plasma actuator is designed and experimentally investigated. A pulsed-DC power supply with a discharge frequency of 100 Hz∼2 kHz and a voltage of 0 kV∼20 kV is adopted. The electrical and flow characteristics are studied for different discharge voltages and frequencies. The discharge voltage varies from 16 kV to 20 kV, while the frequency ranges from 100 Hz to 1500 Hz. At each combination of electric parameters, a series of plasma synthetic jets is acquired.
In each experiment, all the jet velocities are measured, and then the ones near the actuator orifice are averaged as the jet velocity under that given condition. It is found that when the frequency is fixed, with the increase in discharge voltage, the jet velocity is stable around 97 m/s. While fixing the voltage at 17 kV and increasing the discharge frequency, one can see that below 400 Hz the jet velocity also remains at about 97 m/s, but suddenly, when the frequency rises above 500 Hz, an obvious decrease in jet velocity is observed, and after that it remains unchanged at about 90 m/s.
We also discussed the velocity fluctuations in a single series of jets. It is found that the jet velocity shows non-uniform variation even under the same condition. Some weak jets with a lower speed are usually seen between two strong jets, and it is also found that with higher frequency, the number of weak jets increases.
Although the basic principle is already clear, more attention should be paid to the interrelationship between the geometric structure and the electric parameters. Current results show that with different actuator shapes and volumes, the optimized electric parameters will differ too. It is also helpful to further explore the working mechanism of the actuator.
Future work to improve the performance of the plasma jet actuator will probably depend on the development of high-quality plasma power supplies. Restricted by weight and cost, the output voltage and current definitely cannot be enlarged without limit. New ways of thinking are currently trying to improve the efficiency of energy deposition, and some research has been proved to significantly influence the heating process and jet release. The optimization of plasma power supplies will therefore help increase jet velocity and strength.
